Abstract-This paper presents an isolated dual-input DC-DC converter with a PWM plus phase-shift control for fuel cell hybrid energy systems. The power switches are controlled by phase shifted PWM signals with a variable duty cycle, and thus the two input voltages as well as the output voltage can be regulated effectively. By using the second input capacitor and the high side switches as an inherent active clamping circuit, zerovoltage switching (ZVS) for the power MOSFETs on the primary side, and zero-current switching (ZCS) for the diodes on the secondary side are achieved respectively to improve the performance of the proposed PWM converter. The principle of operation is analyzed and some design considerations are discussed. Simulation results using PLECS are given to verify the proposed analysis and design. An experimental converter prototype has been designed, constructed and tested in the laboratory to verify the validity of the theoretical analysis and also demonstrate the converter's performance over wide variations in input voltage.
INTRODUCTION
Applying clean and renewable energy sources, such as wind energy, solar energy and hydrogen, has long been a focus for concern in both academia and industry. Proton exchange membrane (PEM) fuel cells are considered as a good candidate for many applications, for example, automotive propulsion, due to their zero emission, low operating temperature and high power density [1] - [3] . Generally speaking, fuel cells can be implemented either as a standalone system or in combination with other power/energy sources such as a battery and/or a super-capacitor bank. Hybridization can distinctly improve the system performance on various aspects, such as decreasing fuel cell cost, isolating the fuel cell from load fluctuations and enhancing the dynamic response. Hence, hybrid fuel cell power conversion systems are well suited for the applications where the average power demand is low whilst load dynamics is relatively high [4] - [6] . For this reason, how to merge the different renewable energy source elements together as a hybrid power conversion system and control the power flows effectively has become a really interesting topic [3] during the last decade. Furthermore, in the grid-tie applications fuel cells are often faced with the need of boosting their low output voltage to the much higher DC-link voltage which is required for a single/three-phase utility grid [7] . Hence, in order to fulfill different system requirements, various hybrid system structures and converter topologies have been proposed and investigated. For the applications where galvanic isolation is required, as reviewed in [3] , basically, there are two categories classified as: multiple-converter system and multiple-port system. Of the two solutions, a multiple-port system can have higher power density and lower cost, due to the fact that some component parts of the converter, such as transformers, rectifiers and filters can be shared by the different input power ports. Accordingly multiple-port converters have been receiving more and more attention in recent years. A general solution to generate an isolated multiple-port converter is to adopt the magnetic coupling solution. Half-bridge, full-bridge, and their combination can be employed regarding the system constraints imposed by features of various input power sources [8] - [12] .
In [13] , a ZVS half-bridge inductive DC-DC converter with the active clamped circuit under pulse-width modulation (PWM) control strategy was investigated. Based on this topology, if another input is connected with the DC-link on the primary side instead of the clamp capacitor in the ZVS circuit, therefore, a new dual-input converter can be derived from it, as shown in Fig. 1 . The proposed converter consists of two interleave boost-half-bridge (BHB) circuits [14] , [15] , a transformer and a full-bridge diode rectifier. An AC inductor, which is the sum of the leakage inductance and the auxiliary inductance, is the power interface element between two sides of the transformer. In order to decouple the two power inputs as well as effectively regulate the output voltage, the duty cycle plus a phase-shift control [16] - [18] is adopted in this paper. The duty cycle of the converter is used to adjust the voltage of the two independent inputs, V in1 and V in2 , while the phase-shift angle is employed to regulate the output voltage accordingly. This paper is organized into five sections: following the introduction, the topology and operation principle of the proposed converter are presented in Section II. Analysis on circuit performance is given in Section III. Simulation and experimental results are provided in Section IV. Finally, a conclusion is drawn in Section V.
II. OPERATING PRINCIPLE OF THE PROPOSED DUAL-INPUT DC-DC CONVERTER
As shown in Fig.1 , the dual-input DC converter has two inputs, two input inductors, L 1 and L 2 , an AC inductor L ac , four power MOSFETs S 1~S4 , and high frequency (HF) transformer. V in1 and V in2 are denoted as voltage of the two power inputs; i L1 and i L2 are defined as the inductor currents; v ab is the voltage between the midpoints of two bidirectional boost/buck half bridges; and i Lac is the secondary side current.
A. PWM modulation only (duty cycle control)
In this case, the phase shift angle, φ, is kept at π as a constant to reduce the current ripple, while the duty cycle is the only control variable. S 1 and S 2 , as well as S 3 and S 4 , have complementary gate signals with a deadband. So the relationship of V in1 and V in2 can be expressed
Where D is the duty cycle of the high side switches S 2 and S 4 .
Under different operating conditions, i Lac can have different waveforms (discontinues or continues), as illustrated in Fig. 2 (a) and (b). From the waveforms represented in Fig. 2 (a) , the rise or fall slopes of i Lac can be calculated by
When the converter operating with the waveforms shown in Fig. 2 (b), there will be one more state where v ab and v cd have opposite direction (during t 0~t1 ) and therefore it can be expressed
B. Phase-shift control only
For dual-active bridge type of converters, the phase-shift control is the most widely used control method. The halfbridges a and b in the converter can be defined as leading and lagging legs, respectively. Accordingly, the duty cycle of the power MOSFETs is kept at 0.5. Since essentially the dutycycle control and the phase-shift control are same from the output voltage regulation perspective, the proposed converter will have the same operating waveforms as shown in Fig. 2 .
C. Duty-cycle plus duty-cycle control
In order to decouple the two inputs effectively and also regulate the output accurately, both the duty cycle and the phase-shift angle can be adopted as the control variables at the same time, and thereby the converter will have more complex behaviors.
Due to the operation symmetry, the variation range of the phase-shift angle φ is: 0< φ < π. Depending on the duty cycle and its relationship with the phase-shift angle, actually there are three operational cases existing and can be classified into: complete demagnetized, partial demagnetized and magnetized conditions and the typical waveforms are shown in Fig. 3 where 2 ⁄ min , 1 . Case 1: as shown in Fig. 3 (a) , the AC current is totally demagnetized, so during time interval • 2 ⁄ the increment of the inductor current should satisfy the following:
Hence, output power of the converter as a function of the phase-shift angle can be derived as:
where (7) Case 2: as shown in Fig. 3 (b) , the AC current is partially demagnetized, so its peak values can be expressed
where
Therefore, output power of the converter as a function of phase-shift angle and duty-cycle is calculated by
Case 3: in this case, the AC current has no zero periods as shown in Fig. 3 (c) . According to the waveforms, the peak values of the AC current and the corresponding time intervals can be calculated from the piece-wised formulas as follows,
• (15)
•
Hence, similarly, the average output power in this case can be calculated by
Although the aforementioned three operating cases have different characteristics, Case 1 is the most typical one in practice and thereby in this paper only this case is represented and analyzed in detail in order to avoid prolixity. In Case 1, if the converter operating condition is different from that shown in Fig. 3 (a) , i.e. 2 ⁄ 1 , based on the corresponding waveforms, the converter output power can be derived as well. Eventually, in Case 1, output power can be summarized as
From (20), it is noted that the phase-shift angle cannot regulate the output power when 2 1 ⁄ ( 0.5) and when 2 ⁄ ( 0.5 . In order to verify the validity of the theoretical calculation process, the converter is simulated by the circuitry simulation software, PLECS. Hereby, the results of calculation and simulation can be plotted in a same frame and compared in Fig. 4 . It can be seen that since 2 0.25 ⁄ , the output power is not a function of the phase-shift angle and will follow an upper limit which is relative to the duty cycle as described in (20), On the other hand, when the converter is supplied with a constant input voltage and connected by a constant resistive load, changing the phase-shift angle will lead to a variable m, so that in this condition the output voltage as a function of phase-shift angle is presented in Fig.5 . 
III. DESIGN CONSIDERATIONS

A. Soft-switching performance
Basically, ZVS can be deduced on the precondition that the anti-parallel diode of the MOSFET must conduct before the MOSFET is triggered. In other words, the main devices are turned off with a positive current flowing and then the current diverts to the opposite diode which allows the in-coming MOSFET to be switched on under zero voltage. In this paper, unlike the conventional phase-shift full-bridge converter, due to the input inductor currents i L1 and i L2 , the proposed converter has relatively more complicated ZVS performance to analyze.
The currents flowing through the MOSFETs S 1~S4 must be negative when the corresponding MOSFET is triggered, so the following relationships must be satisfied to receive ZVS operations, 
B. Current distribution in primary side MOSFETs
Like all half-bridge boost derived converters, the current distribution in the primary side MOSFETs is unequal, and here the analysis on the RMS current distribution is even more complex due to the variable phase-shift angle.
If φ=π, the RMS current of the MOSFETs can be calculated by
, , , ,
If φ≠π, then the expressions to calculate the RMS current of each switch depend on φ and of course are more complex, so it will not be derived here. Fig. 6 plots the RMS current as a function of duty cycle D instead of output power or phase shift φ. It can be found that, if φ=π, the low side switches S 2 and S 4 will have the maximum RMS current, whereas the high side switches S 1 and S 3 will have the minimum RMS current. This phenomenon may be considered when choose components and make thermal design.
IV. EXPERIMENTAL RESULTS
The proposed interleaved boost-half-bridge dual-input DC-DC converter in Fig.1 has been simulated , designed, built and tested to validate the previous introduced analysis and converter's overall performance. The specifications and the employed components of the constructed converter are listed in Table I . Fig. 7 also shows the laboratory setup for the proposed converter. The prototype is implemented by a digital PWM controller (TMS320F28027) and the gate driver IR2110S to generate four gate signals with adjustable duty cycle and phase-shift angle. 
Parameters Values
Input voltage Maximum output power The measured waveforms of the PWM signal v GS_S2 and v GS_S4 and two phase-shifted inductor currents i L1 and i L2 at φ=0.8π are illustrated in Fig.8 . The measured high frequency ac voltages and current of v ab , v cd and i Lac at V in1 =30 V and different phase-shift angles and duty cycles are given in Fig. 9 . It can be found that by using the capacitor C in2 and high side switches S 1 and S 3 as an active clamp circuit, the voltage transient spike across the current-fed bridge is limited. The experimental waveforms match the typical waveforms given in Section II very well.
According to the waveforms of ZVS operation shown in Fig. 10 , the drain voltage v DS_S3 and v DS_S4 are all decreased to zero before switches S 3 and S 4 are turned ON, and there are no transient voltage spikes and rings across the switches. Therefore, the converter will have proximate zero switching losses and lower electromagnetic noises.
As an example, if a larger AC inductor is used (66 µH), the converter will operate in Case 2 and the experimental waveforms are presented in Fig. 11 and it can be seen that there is a different current fall slope existing in this condition as the typical waveform given in Fig. 3(b) . In order to verify the capability of the dual inputs simultaneous operation, power supply V in2 is switched ON and OFF alternately, so that the input current i 2 jumps between zero and 10 A, as shown in Fig. 12 , and the output voltage can be regulated as a constant regardless of V in2 .
Furthermore, a comparison between the simulation results and experimental results is given in Fig. 13 , and they match well so the validity of the theoretical analysis can be proved. Finally, Fig. 14 shows the efficiency curve of the DC-DC converter built in the lab. The efficiency above 90% at worst operating condition (lowest input voltage and highest output power) is obtained and optimal design of the proposed converter in order to heighten the efficiency even further can be a topic for the future work.
V. CONCLUSION
In this paper, an isolated dual-input DC-DC converter using phase-shifted PWM control is presented, and it appears very attractive in the application as an interface converter for renewable energy system. The operating principle and design considerations are discussed and verified by simulation and experiment. The proposed converter is capable of achieving decoupled input voltage and regulated output voltage by the PWM plus phase-shift control. All the switches can be turned ON under the ZVS condition and all the diodes can be turned OFF under ZCS condition, and therefore the electromagnetic noises can be attenuated effectively. Nonetheless, the proposed converter also has some drawbacks such as relatively complicated control and unequal current distribution in the high position and low side MOSFETs. The magnetic elements are required to be optimized in order to improve efficiency further and closed loop control will follow in future publications.
